The germ cell lineage is unique as it is the cell lineage that ensures the continuation and the variation of genetic information from one generation to the next. Primordial germ cells are the stem cell precursors of this lineage differentiating into mature spermatozoa and oocytes in the adult. The recent development of cell culture conditions for the extended propagation of chicken primordial germ cells isolated from embryonic blood heralds the emergence of a technology that will have a considerable impact on the management of avian resources, efforts in avian species preservation and transgenic technologies. This review will address what is known of the formation of avian germ cells, the current state of the field, and discuss the prospects that this technology offers for both developmental biology and the preservation of avian germplasm.
Introduction
Primordial germ cells (PGCs) are the precursors of the germ cell lineage that colonise the forming gonad and differentiate into mature spermatozoa and oocytes in the adult. Present throughout the animal kingdom, PGCs have been identified in some insects and all vertebrates. First identified by Waldeyer in 1890, chicken primordial germ cells are initially localised centrally in a region of the blastoderm (Waldeyer, 1870) . At approximately stage 5 HamburgerHamilton (HH), PGCs are found in the extraembryonic germinal crescent region (Ginsburg, 1997) . The PGCs are subsequently incorporated into the forming extraembryonic vasculature at stage 14-16HH and use the developing circulatory system to migrate to the future gonadal anlagen (Meyer, 1964) . The cells leave the capillary system in the lateral plate mesoderm and migrate to the forming genital ridges, where they colonise the developing gonad whilst continuing to proliferate. Embryonic migration of the PGCs using the circulatory system is exclusive to avian species. In the mouse, for example, PGCs migrate through the hindgut endoderm before reaching the embryonic gonads at approximately E10.5 (Bendel-Stenzel et al., 1998) . It is during this unique blood migratory stage that it was first demonstrated that chicken PGCs could be isolated and propagated in vitro (van de Lavoir et al., 2006) .
The development of cell culture conditions for the PGCs from production lines of chickens heralds the emergence of a technology that will have considerable impact on transgenic technologies, the management of avian resources and efforts in avian species preservation. Chicken PGCs can be propagated in a complex growth media containing animal sera, conditioned media from Buffalo Rat Liver (BRL) cells, and a feeder cell layer ( Fig. 1) (van de Lavoir et al., 2006; Macdonald et al., 2010) . PGCs differ from cultures of germ cells from the gonad (Park et al., 2003) as PGCs are not adherent cells; they proliferate in suspension and can be expanded to several million cells whilst maintaining germ line competence. Subtle changes to this media preparation have been made without affecting germline transmission including removal of BRL conditioned media, the elimination of feeder cells, or their replacement with gonadal stromal cells Naito et al., 2010) . However, it is not clear how these altered media conditions affect the proliferation and overall germline competence of PGCs. To better define the culture conditions for PGCs, it will be necessary to understand how this cell lineage is established, the genetic determinants that define this lineage, and the growth factors that are responsible for germ cell self-renewal at early embryonic stages.
Germ Cell Determination
The initial specification of PGCs, when somatic cells first become committed to a germ cell fate, differs markedly between vertebrates. Two distinct processes for germ cell specification are described, preformation and epigenesis (Extavour and Akam, 2003) . Weisman in his theory of animal heredity proposed that an uninterrupted germ line was present throughout the entire life cycle of the animal (Weismann, 1898) . This is the basis of preformation, where cells are specifically predestined to become either somatic or germ cells. This type of PGC specification has been identified in insects (Illmensee and Mahowald, 1974) , fish (Olsen et al., 1997) and certain types of amphibians (Venkatarama et al., 2010) . In these organisms, PGCs can be detected very early in embryonic development and germ cell differentiation is determined by the localisation of inherited maternal determinants, 'a germplasm', prior to, or immediately after, fertilization. Preformation is also thought to be present in avian species (Tsunekawa et al., 2000) , although an avian germplasm has never been identified. Epigenesis, by contrast, relies on inductive signalling from proximal tissues for the specification of PGCs. This is the method of germ cell specification in mammals (Eddy, 1976) , turtles (Bachvarova et al., 2009) and urodeles (Johnson et al., 2001) . As a result, PGCs are first detected at later stages of embryogenesis.
Epigenesis has been extensively studied in the mouse and a number of factors have been identified as being essential for the specification of PGCs. In mouse, founder PGCs can first be detected at E7 by the expression of the germ cell specific marker stella (also known as Dppa3 or PGC7) (Sato et al., 2002) . The initial specification events in mouse depends on signalling from bone morphogenic proteins (BMPs), in particular Bmp2 (Ying and Zhao, 2001) , Bmp4 (Lawson et al., 1999) and Bmp8b (Ying et al., 2000) .
Recently, it was shown that two genes belonging to the PR domain containing protein family, Blimp1 (Prdm1) and Prdm14, were critical for the specification of the murine germ cell lineage (Ohinata et al., 2005; Yamaji et al., 2008) . Blimp1 is mainly responsible for the repression of the somatic program, whereas Prdm14 is necessary for the reacquisition of pluripotency in PGCs. Null mutant mice for either of these genes were devoid of germ cells and sterile. Several other factors have also been shown to be essential for the specification and the early development stages of mouse PGCs including Oct4, Mvh, Nanog, Lin28, TcFap2c, Dnd1, Nanos3 and Dazl. For a full review on germ cell specification in the mouse see (Saitou and Yamaji, 2010) .
In avian PGCs, far less is known about the determinants and specifying factors of the germ cell lineage. It is hypothesised that PGCs are preformed in avian species, with a single determinant chicken vasa homologue (CVH) being identified in the chicken oocyte and PGC (see below) (Tsunekawa et al., 2000) . However, as of yet there have been no clearly identified cellular structures resembling the cytoplamic nuage in the early zygote early PGCs. It remains a viable prospect to use lines of cultured PGCs to identify a germplasm component in the avian germ lineage (Fig. 1) .
Germ Cell-specific Genes and Determinants Identified in Chicken
It has been shown that BMP2 and BMP4 are highly expressed in the germinal crescent region of the chicken embryo (Gallego-Díaz et al., 2002; Puelles et al., 2005) . Thus, early germ cell development in both mice and chickens occurs in a BMP-positive extracellular environment. BMP2 was also investigated in blastodermal cells taken from Stage X chickens and cultured in vitro. Addition of Bmp2 increased cell reactivity to stage specific embryonic antigen-1 (SSEA1), a known stem cell and germ cell marker (Kim et al., 2006) . This result offers preliminary evidence that Bmp proteins may be involved in establishment of the chicken germ cell lineage. In mouse, Blimp1 is essential for the specification of PGCs. Blimp1 was shown to be expressed in SSEA1 ＋ cells isolated from chicken embryos (Motono et al., 2008) , suggesting that this gene could also play a role in chicken germ cell development.
The majority of the research on chicken PGCs has focused on CVH, also known as DDX4. First identified in Drosophila, Vasa is an ATP-dependent RNA helicase essential Journal of Poultry Science, 49 (3) for pole cell formation (Hay et al., 1988) . Homologues of this gene have been identified in many species including mouse (Fujiwara et al., 1994) , zebrafish (Yoon et al., 1997) and Xenopus . In the mouse, the mouse vasa homologue (Mvh) is essential for PGC survival in males (Tanaka et al., 2000) . In contrast, female knockout mice were fertile and produced healthy offspring. In chickens, CVH is one of the few genes that has been shown to potentially play a functional role in germ cells development. Cvh was found to be present in approximately 30 PGCs at stage X, and is the earliest described PGC marker in chicken (Tsunekawa et al., 2000) . Expression persists throughout development and Cvh is present in structures surrounding a mitochondrial cloud in mature oocytes. It is hypothesised that this structure is the presumptive germplasm of the chicken (Tsunekawa et al., 2000) . CVH expression was found to be maintained in long term PGC cultures and exhibited the same expression pattern both in vitro and in vivo ( Fig. 1) (Macdonald et al., 2010) . It was also found that CVH overexpression in chicken embryonic stem cells (cESCs) led to the up-regulation of germ cell markers in cESCs and some of these cells successfully colonised the gonad in vivo (Lavial et al., 2009) . From this work it appears CVH may be a bonafide germ cell determinant, however its precise role in chicken PGCs remains to be determined.
The Dead-end gene (Dnd1) encodes another RNA binding protein involved in PGC survival in the mouse. It was found that inactivation of Dnd1 was the underlying cause of the Ter phenotype in mouse, which included germ cell deficiency and a high incidence rate of spontaneous testicular teratomas (Sakurai et al., 1994; Youngren et al., 2005) . The chicken homologue of Dead-end (CDH) is specifically expressed in the PGCs, both in vivo and in vitro, and is localised primarily in the nucleus (Aramaki et al., 2007; Macdonald et al., 2010) . Interestingly, it was discovered that Dnd1 was also critical for PGC development in zebrafish, where PGCs are preformed (Weidinger et al., 2003) . This suggests Dnd1 has a conserved role in PGCs between species irrespective of their method of specification.
Further work on cESc, demonstrated that chicken homologues of Nanog (cNANOG) and Oct4 (cPOUV) regulate pluripotency in these cells (Lavial et al., 2007) . These pluripotency factors, shown to be vital for maintaining selfrenewal and pluripotency in mammalian embryonic stem cells, are also highly expressed in chicken PGCs (Macdonald et al., 2010) . Oct4 is essential for PGC survival in mouse (Kehler et al., 2004) . In addition, Nanog was also shown to be critical for the survival and proliferation of migrating mouse PGCs (Yamaguchi et al., 2009) . The high level of cPOUV and cNANOG expressed in chicken PGCs propagated in vitro suggests these two genes could also play role in the avian germ cell lineage.
Primordial Germ Cell Migration
The migration of PGCs has been investigated in numerous species, including mouse, zebrafish and Drosophila. Several genes have been identified as essential for correct germ cell migration. In Drosophila, initiation of migration is regulated by trapped in endoderm-1 (Tre1), which signals through the GTPase Rho1 . In zebrafish, Dnd1 is essential for the initial onset of germ cell migration. Dnd1 knockdown blocked the migration and polarisation of PGCs (Weidinger et al., 2003) . As mentioned above, Dnd1 has also been identified in mouse but its predominant role is thought to be in PGC survival rather than migration (Sakurai et al., 1994; Youngren et al., 2005) . Chicken PGCs express CDH, but its role in migration has yet to be investigated (Aramaki et al., 2007; Macdonald et al., 2010) . Stromal derived factor (SDF1) and its receptor CXC motif receptor (CXCR4) have been demonstrated to be essential in both mouse and zebrafish (Ara et al., 2003; Molyneaux et al., 2003) . Mice lacking either of these genes have impaired germ cell colonisation of the gonads, whereas random mismigration throughout the embryo occurred when either of these genes were disrupted in zebrafish (Ara et al., 2003; Molyneaux et al., 2003) . Additionally in both zebrafish and mouse, ectopic expression of SDF1α caused PGC migration to ectopic regions of the embryo (Doitsidou et al., 2002; Molyneaux et al., 2003) . In chicken, SDF1 and CXCR4 were investigated to determine whether these genes play a similar role in avian germ cell migration. SDF1 was found to be expressed in areas where PGCs reside in the later stages of their migration. Further to this CXCR4 was found to be detected in PGCs during migration (Stebler et al., 2004) . Following a graft of cells transfected with SDF1α into a donor embryo, PGCs migrated towards the ectopic SDF1α expressing cells (Stebler et al., 2004) . This along with the expression of SDF and CXCR4 observed in the embryo suggests Sdf1/CXCR4 signalling has a role in the later stages of chicken PGC migration.
In mouse, two further key genes have been shown to be essential in PGC migration and survival, the receptor tyrosine kinase c-kit and its ligand, steel factor (also known as SCF) (Matsui et al., 1991; Buehr et al.,1993; Mahakali-Zama et al., 2005; Runyan et al., 2005; Gu et al., 2009) . Ablation of either of these genes caused a greatly reduced number of germ cells to successfully reach the gonads (Matsui et al., 1991; Buehr et al., 1993; Mahakali-Zama et al., 2005; Runyan et al., 2005; Gu et al., 2009) . C-KIT has been identified in chicken PGCs, but its role in migration has not been studied (Reedy et al., 2003; Tang and Zhang, 2007) . Adhesion molecules such as E-cadherins are also thought to be vital for successful PGC migration across species (BendelStenzel et al., 2000; Di and De Felici, 2000; Kunwar et al., 2008) . In chicken PGCs, addition of retinoic acid in vitro causes increased PGC aggregation and increased E-cadherin expression levels were seen in these cells (Yu et al., 2011) .
Post-translational factors have also been shown to be essential for chicken PGC development. It was demonstrated that microRNA (miRNAs) play a role in preventing germ cells from differentiating into somatic cells and also are responsible for controlling germ cell entry into meiosis (Lee et al., 2011) . For example, a miR-181a knockdown in PGCs led to reduced expression of the germ cell specific genes Glover and McGrew: Primordial Germ Cell Technologies CVH and DAZL, but an upregulation of somatic genes including BRACHYURY, SOX11 and FGF8. Pluripotency gene expression, including cNANOG and cPOUV, was not affected. Together these results show that there is a high level of gene regulation in PGCs, and maintenance of their germ cell identity is by a tightly controlled network of genes and post translational effectors.
The availability of knockout mouse models has advanced the study of germ cell determinants in mammals. The targeted ablation of genes in chicken PGCs in vitro will enable the investigation of the functional role of germ cell determinants in the chicken and the generation of novel transgenic chicken models. 
Sdf1
Expressed by migrating PGCs and potentially has a similar role in responding to SDF signalling. (Stebler et al., 2004) 
CXCR4
Gene function / observations in avian PGCs Table 1 . Gene function in mouse and chicken primordial germ cells
Chicken homolog
Involved in correct PGC migration as the receptor to the SDF ligand. (Ara et al., 2003; Molyneaux et al., 2003) Essential for PGC survival in male mice. (Tanaka et al., 2000) Gene function in mouse PGCs
Cxcr4
Murine Gene PRDM14 PGC specification (Yamaji et al., 2008) .
Prdm14
Expressed in PGCs at all stages of embryonic development. (Rengaraj et al., 2010) . DAZL Exact role unknown. Mutant mice of both sexes exhibit loss of germ cells, possibly due to PGC apoptosis. (Ruggiu et al.,1997; Lin and Page, 2005, Haston et al., 2009) .
Dazl
Growth factor for PGCs in vitro. (van de Lavoir et al., 2006; Choi et al., 2010) SCF Essential for migration and survival of PGCs. (Matsui et al., 1991; Buehr et al., 1993; Mahakali-Zama et al., 2005; Runyan et al., 2005; Gu et al., 2009) 
Scf (Steel factor, KL)
Expressed by PGCs in vitro and in vivo. (Reedy et al., 2003; Tang and Zhang, 2007) C-KIT Essential for migration and survival of PGCs. (Matsui et al., 1991; Mahakali Zama et al., 2005) 
c-Kit
Functions as a chemoattractant during PGC migration.
Ectopic expression causes aberrant PGC migration to ectopic regions of the embryo. (Stebler et al., 2004) Prevents apoptosis in PGCs and is involved in germ cell specification. (Kehler et al., 2004) .
Oct4 (Pou5f1)

Expressed in PGCs in vitro and in vivo.
Regulates pluripotency in cESCs. (Lavial et al., 2007; Macdonald et al., 2010) .
cNANOG
Critical for survival and proliferation of migratory PGCs. (Yamaguchi et al., 2009 ) Nanog BMP2 and BMP4 are strongly expressed in the germinal crescent. BMP2 increases cell reactivity to SSEA1. (Gallego-Díaz et al., 2002; Puelles et al., 2005; Kim et al., 2006) .
BMP2, BMP4, BMP8B
PGC specification and induction of Blimp1 and Prdm14. (Lawson et al., 1999; Ying et al., 2000; Ying and Zhao, 2001 ).
Bmp2, 4 and 8b
Expressed in SSEA1＋ and CVH＋ cells (Motono et al., 2008) .
PGC specification. (Ohinata et al., 2005) .
Blimp1 (Prdm1)
No known observations Exact role unknown. Dnd1 mutant models show reduced PGC numbers. (Sakurai et al., 1994; Youngren et al., 2005) .
Dnd1
Detected in stage X PGCs and putative germplasm in mature oocytes. Expression maintained in PGCs in vitro. CVH overexpression in cESCs leads to upregulation of germ cell markers. (Tsunekawa et al., 2000; Lavial et al., 2009; Macdonald et al., 2010) Expressed in PGCs in vitro and in vivo.
cPOUV
Specifically expressed by chicken PGCs in vivo and in vitro. (Aramaki et al., 2007; Macdonald et al., 2010) .
CDH CVH
germ cell viability and/or identity.
Cell-cell Signalling Pathways and Primordial Germ Cells
Several signalling pathways important for germ cell survival and migration in the mouse have also been identified in the chicken. For instance, the ligand stem cell factor (SCF), and its receptor c-kit, are essential for PGC survival and migration in the mouse (Matsui et al., 1990; Dolci et al., 1991; Gu et al., 2009) . Chicken c-KIT is expressed in stage 19HH embryos in the presumptive genital ridge and it is also expressed in cultured chicken PGCs (Tang and Zhang, 2007) . Like many other genes, the in ovo role of SCF in avian germ cell development has not been determined. SCF has been used in cultured PGC medium (van de Lavoir et al., 2006; Choi et al., 2010) , but addition of hSCF or mSCF was not necessary for PGC culture derivation (Macdonald et al., 2010) . These conflicting results may be due to the presence of cSCF in chicken serum in PGC cultures medium. It is likely that SCF is required as inhibition of PI3K, a downstream target of c-kit, leads to a loss of PGC proliferation in culture (Macdonald et al., 2010) .
It has also been shown that bFGF is necessary for the propagation of PGCs (van de Lavoir et al., 2006; Choi et al., 2010; Macdonald et al., 2010) . This ligand activates the Map kinase signalling pathway in many cell types. bFGF signalling in PGCs is most likely through this pathway as inhibition of MEK, an integral component of the MAP kinase pathway, leads to reduced proliferation of cultured PGCs (Macdonald et al., 2010; Choi et al., 2010) . It remains to be determined if LIF and BMP, growth factors implicated in mouse PGC survival, are required for the propagation of chicken PGCs.
Cryopreservation of Avian Germplasm Using Primordial Germ Cells
An immediate technological application of cultured PGCs is for the preservation of germplasm from specialised and rare breeds of poultry (Petitte et al., 1997) . Poultry breeds can be preserved to some extent through the cryopreservation of semen (Blackburn, 2006) . However, there are inherent problems with semen cryopreservation and the advantage of using PGCs is that both the male and the female germ lineage can be cryopreserved. Researchers have previously shown that it is possible to isolate PGCs directly from the blood before cryopreservation (Naito et al., 1994; Kuwana et al., 2006; Nakamura et al., 2010) . These frozen cells were thawed, injected into host embryos, and chicks containing genetic material from the donor germ cells were derived (Fig.  2) . A caveat to this procedure is that it involves the sampling of blood from many embryos. The presence of multiple genotypes in the gonads of the host birds could be advantageous or complicate the production of a flock of genetically diverse chickens. Since the individual offspring in these experiments were not DNA profiled, it also cannot be determined if the offspring all shared a common genotype and were derived from PGCs arising from a single embryo that outcompeted other embryonic PGCs for the gonadal niche. An alternative strategy is to propagate and expand the number of PGCs in vitro before cryopreservation (Fig. 2) . To generate a sustainable, genetically diverse population it will be necessary to preserve the germplasm from a minimum of 13 males and 13 females and ideally 25 individuals of each sex (FAO, 1998) . The propagation of PGCs is labour intensive, so this technology may only be applicable to the preservation of valuable or highly endangered chicken breeds. If PGC derivations are not efficient this technology may not be viable on a larger scale, i.e. the cryopreservation of industrial breeds of chickens. From the results published to date, it would seem that derivation efficiencies vary from 10% to 22% for male lines, with the efficiency of female line derivations much lower (van de Lavoir et al., 2006; MacGlover Fig. 2 . The cryopreservation of chicken germplasm using primordial germ cells. PGCs can be isolated from the blood of early chicken embryos and propagated and expanded in culture before cryopreservation. Alternatively, PGCs can be purified from the pooled blood of early embryos before cryopreservation. The cells can be thawed and transplanted into host embryos. donald et al., 2010) . It remains to be determined whether i) the genotype of PGCs that can be propagated in culture is in some way distinct or different from other PGCs; ii) the length of time that PGCs can be cultured without loss of germline competence; and iii) why the propagation of female PGCs is less efficient in comparison to male PGCs (van de Lavoir et al., 2006; Macdonald et al., 2010) .
Avian Species Rescue Using Primordial Germ Cells
An exciting prospect for germ cell technologies is the propagation of PGCs from avian species other than chicken, followed by xenotransplantation into host birds from another species. The host birds could subsequently be bred to produce offspring that were derived from the donor species. Support for this research idea comes from research using pheasants (Kang et al., 2008) . PGCs could be isolated from the embryonic blood of pheasants, injected into chicken host embryos, and offspring were produced that were derived from the pheasant PGCs. In similar experiments, a live houbara chick was produced from houbara PGCs transplanted into a chicken host embryo (Wernery et al., 2010) . The current major impediment for this research is the inability to form functional oocytes from the xenotransplantation of female PGCs into female chicken hosts.
If the propagation of PGCs from other avian species can be achieved, then a large increase in the number of offspring obtained from a single donor embryo will be possible. The issues to be addressed in developing this technology are significant; i) medium conditions for the propagation of avian species other than the chicken must be developed; ii) a host bird that will support the development of female oocytes from a donor avian species must be identified; iii) genetic bottlenecks in rare bird populations may arise by generating large numbers of genetically similar offspring from single lines of cultured donor PGCs; iv) the potential change in behaviour of the offspring derived from the xenotransplanted host due to the differing hormonal environment of the host egg. For example, the levels of testosterone deposited in the egg can change the behaviour of the hatchling in some avian species (Schwabl, 1993) . The use of a chicken host for PGCs from other species may have unknown effects on the mating behaviour of the offspring and will need to be investigated.
Future Directions
In the future it will be imperative to determine the role of germ cell determinants in the specification of avian germ cells in order to answer key biological questions on germ cell preformation in avian species, and to implement novel germ cell technologies for the poultry industry. Understanding how avian PGCs are specified, migrate to the gonad, and the cell signalling pathways regulating their self-renewal will help to elucidate the different evolutionary pathways taken by vertebrates for the specification of the germ lineage. If novel germ cell determinants are identified in chicken PGCs, understanding the regulation of expression of these genes could help define media conditions for the in vitro propagation of PGCs.
Understanding the process of self-renewal and proliferation in cultured PGCs will also be vital to germ cell technologies using PGCs. The characterisation of the essential genes and growth factors necessary for PGC survival and proliferation would enable viable PGCs from both male and female embryos to be propagated in vitro. This is of particular importance for the development of PGC methodologies for the cryopreservation of poultry germplasm. A better understanding of germ cell development in the chicken will have profound effects on the poultry industry, enhancing productivity, improving animal welfare and reducing costs. Over the next few years PGC technologies will have major impacts in the themes of gene targeting, gametogenesis and cryopreservation in avian species.
